Introduction
Oceanic state estimates bring a general circulation model to consistency with a multitude of observations. Dynamically consistent oceanic state estimates have recently become available [e.g., from the Estimating the Circulation and Climate of the Ocean (ECCO) project], using a general circulation model [the Massachusetts Institute of Technology general circulation model (MITgcm); Marshall et al. 1997] . They cover the time span of the altimetric record beginning in 1992 (Wunsch and Heimbach 2006) or go back to the beginning of the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis period in 1952 (Kö hl and Stammer 2008) . Within such a dynamically consistent framework, any oceanic quantity, including integrated quantities such as meridional heat and mass transports, can be derived from the full three-dimensional ocean state, which provides a continuous observation-based estimate of that quantity. Such an observation-based and dynamically consistent estimate of integrated quantities is of special importance as these integrated quantities are difficult to observe directly.
Until recently, most studies of the global oceanic heat and mass transports had to rely on occasional hydrographic sections (Hall and Bryden 1982; Roemmich and Wunsch 1985; Bryden et al. 2005; Ganachaud and Wunsch 2000; Longworth and Bryden 2007) ; however, sparse sampling (once every few years or decades) of these transects represents a time series with serious aliasing problems, complicating the interpretation of estimated variability or trends considerably (Wunsch and Heimbach 2006; Baehr et al. 2008) . Although the Argo array provides a much denser database, it needs to be synthesized in an oceanic state estimate to allow for an estimate of heat and mass transports. Forget et al. (2008a,b) suggest that Argo profiles allow improved estimates of heat and mass transports when synthesized in such a state estimate.
In March 2004, a monitoring system was deployed to provide a continuous estimate of the zonally integrated meridional mass transport at 26.58N in the Atlantic (Marotzke et al. 2002; Cunningham et al. 2007; Kanzow et al. 2007 ). This Rapid Climate Change-Meridional Overturning Circulation and Heatflux Array (RAPID-MOCHA) is based on continuous monitoring of the density at the eastern and western boundaries of a zonal section, based on a conceptual study by Marotzke et al. (1999) , suggesting that the meridional overturning circulation (MOC) could be continuously monitored using such measurements. The RAPID-MOCHA consists of profiles of density at the western and eastern boundaries as well as on both sides of the Mid-Atlantic Ridge (MAR; Marotzke et al. 2002; Rayner 2005) . To compute the MOC, the observations of the vertical density profiles at the boundaries are combined with the Florida Current (FC) cable measurements (Baringer and Larsen 2001) and an estimate of the wind-driven Ekman transport based on scatterometer wind measurements (Graf et al. 1998) .
Although the observations of the RAPID-MOCHA and the Florida Current provide a local estimate of the MOC at 268N in the Atlantic, they do not allow for immediate conclusions about adjacent altitudes or even basin-scale variations in the MOC. Incorporating these observations into a dynamically consistent oceanic state estimate is therefore a useful addition to the analysis of the global observing system. Although the ECCO-Global Ocean Data Assimilation Experiment (ECCO-GODAE) project includes most of the global datasets in the observing system, it does not yet incorporate local mooring transport estimates. The present study investigates the best means to incorporate and weight these data in the least squares methodology of ECCO-GODAE and draws some inferences about their likely impact.
Here, we will incorporate both the Florida Current and RAPID-MOCHA observations into 1-yr optimizations of the ECCO-GODAE oceanic state estimate. With 1-yr optimizations, we will focus on the first deployment period of the RAPID-MOCHA (March 2004 -March 2005 . These 1-yr optimizations provide a computationally feasible setup for explorative studies, allowing the conduct of a series of experiments. Note that the baroclinic response time in the ocean at these latitudes is on the order of a decade. Therefore, we do not expect a large adjustment at 268N or even in the North Atlantic circulation and its variability because of the spatial and temporal restriction of the data. The main objective of this study is to guide the incorporation of integrated transport measurements such as the Florida Current data and moored temperature and salinity observations such as the RAPID-MOCHA data into the full ECCO-GODAE estimate. The incorporation of the FC and RAPID-MOCHA data into the dynamically consistent ECCO-GODAE solution in turn gives the prospect of an enhanced understanding of the meridional transport and its variability at both 268N and in the whole North Atlantic.
The paper is structured as follows: section 2 provides an overview of the model and observations used in this study. Section 3 presents the results of the numerical experiments, which are discussed in section 4.
Method
a. ECCO-GODAE framework and 1-yr experimental setup
We use the quasi-global ocean state estimate ECCO-GODAE setup. ECCO-GODAE aims to bring the MITgcm (Marshall et al. 1997 ) to consistency with as many observations as practical on a global level within estimated uncertainties. The reduction of the quadratic model versus data misfit (the so-called cost function) is achieved via a gradient descent method. The gradient of the cost function with respect to initial conditions and time-varying air-sea fluxes is computed via the adjoint of the MITgcm (Marotzke et al. 1999; Heimbach et al. 2005) . The code for the MITgcm's adjoint has been derived by means of the Transformation of Algorithms in FORTRAN automatic differentiation tool (Giering and Kaminski 1998) . Very briefly, the cost function is reduced as follows: (i) it starts from a model setup with best estimate initial conditions and forcing; (ii) the model setup is then run forward/backward over a specific number of iterations while making adjustments to the initial conditions and forcing to reduce disagreement with the multitude of observations; and (iii) it is finally freely run forward in time with the adjusted initial conditions and forcings after the solution has converged or is close to convergence, thus producing a solution completely consistent with the model equations.
The ECCO-GODAE setup covers the World Ocean between 808N and 808S, excluding the Arctic, at 18 horizontal resolution with 23 vertical levels. We employ a setup version 2 of the ECCO-GODAE state estimation at MIT and Atmospheric and Environmental Research (AER), on which previous results describing 268N are based as well (e.g., Wunsch and Heimbach 2006; Baehr et al. 2009 ). An overview of the method and the datasets employed in ECCO-GODAE is provided in Wunsch and Heimbach (2007;  for an overall account of efforts within the ECCO Consortium, see online at http://www. ecco-group.org).
Here, we use an experimental subset of the full ECCO-GODAE state estimate. It differs from the full ECCO-GODAE setup in the reduction of the optimization period from 15 yr to 18 months and an increase in the vertical resolution (from 23 to 50 levels). This experimental setup is similar to the one used in Forget (2010) ; it includes the same observations as the full ECCO-GODAE state estimate: for example, the temperature and salinity profiles from the Argo floats since 2004 (for a complete list, see, e.g., Wunsch and Heimbach 2006) . In the experimental setup, we use the Ocean Comprehensive Atlas (OCCA) of Forget (2010) as initial condition and climatological constraint, and 6-hourly atmospheric state variables from the NCEP-NCAR reanalysis are used as a starting point for the atmospheric boundary conditions. This experimental setup is overall considerably closer to the observations than the ECCO-GODAE estimate, because the initial conditions are more efficient controls over the shorter period. On the limited time scale of 1 yr, the experimental setup allows us to investigate the added value of the RAPID-MOCHA and FC observations to the existing observing system more realistically than a setup initialized by ECCO-GODAE fields. This difference to the full ECCO-GODAE state estimate, however, limits the inferences about the extent to which the present results can be directly applied to the much longer duration ECCO-GODAE estimate.
The : that is, we disregard the first 3 months and the last 3 months of the optimization. Therefore, we will refer to this experimental configuration as the 1-yr setup. Prior to iteration one, the 1-yr setup has been spun up for 6 months. Subsequently, a ''reference'' experiment has been conducted for 10 iterations, including the full suite of observations as constraints but excluding both the FC and the RAPID-MOCHA data. After 10 iterations the solution is not fully converged but is largely adjusted to the initial conditions. Note observations were as such not excluded for the first 10 iterations; however, the adjustment to the initial conditions is dominant over the adjustment to the observations for the first few iterations. The FC and RAPID-MOCHA data are included from iteration 11 onward. For the experiments including the FC and RAPID-MOCHA data, we perform another 5-10 iterations, the exact number of iterations depending on the experiment. All experiments were run until the reduction in the cost function for the respective dataset was less than 4% from one iteration to the next. For comparison, the same number of iterations was carried out for the reference experiment without including these data to exclude the effect of adjustment to the data solely because of a larger number of iterations.
Limiting the present analysis to a 1-yr period is mostly constrained by the availability of the RAPID-MOCHA data. Additionally, the 1-yr setup provides a computationally less expensive setup than the full ECCO-GODAE setup. Not only is the integration time much shorter, but also the number of iterations needed to converge toward certain data is considerably smaller in the 1-yr setup. For the reference experiment to reduce the change in the total cost function to 2% from one iteration to the next, 25 interactions are needed. Although this 1-yr setup allows for multiple experiments, it also limits the interpretation of the results, because, on these time scales, mostly local adjustments to the data can be expected. Any temporal variability requiring large-scale adjustment is likely to involve time scales of years or decades.
The geographical setup at 268N in the Atlantic is identical in both the 1-yr setup and ECCO-GODAE: despite its 18 horizontal resolution, the Bahamas are represented; the Straits of Florida have a realistic depth and shape but span nearly 400 km compared with approximately 100 km width in the real ocean. These extended Straits of Florida prevent the resolution of the western boundary continental slope: to the east of the Bahamas the ocean basin is bounded by a vertical wall. Most of the northward transport goes through the Straits of Florida; the Antilles Current has a time mean between 1 and 2 Sv (1 Sv [ 10 6 m 3 s
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; not shown), which is smaller than the 6 Sv observed by Meinen et al. (2004) . The standard deviation of the Antilles Current is approximately 2.5 Sv for ECCO-GODAE compared to 3 Sv observed by Meinen et al. (2004) .
b. Observations
The FC is observed by measuring the flow-induced voltage in a telephone cable, which runs between Florida and the Bahamas along the sea floor (Larsen 1985) . This observing system is maintained by the U.S. National Oceanic and Atmospheric Administration and has provided daily estimates of Gulf Stream transport for over 20 years now (Baringer and Larsen 2001) . We use dailymean values with an associated observation error of 2 Sv root-mean-square error (C. S. Meinen 2008, personal communication) .
The RAPID-MOCHA provides continuous observations of the density profile at the eastern and western boundaries at 26.58N of the Atlantic (Marotzke et al. 2002; Cunningham et al. 2007; Kanzow et al. 2007 ). Densities are derived from sensors attached to moorings measuring temperature, salinity, and pressure at a temporal resolution of 15 min. Here, we use the temperature and salinity (not pressure) data from the western and eastern boundaries, interpolated on a 20-dbar vertical grid (Kanzow et al. 2007 ). Given the model's limited horizontal resolution, we use merged profiles from Kanzow et al. (2007) for both the western and eastern boundaries. For the western boundary, density data from 24 depth levels between 100 and 4820 dbar distributed among three moorings on the steep continental rise east of the Bahamas are used. For the eastern boundary, profile density data from 23 depth levels between 550 and 4930 dbar distributed among six moorings between the base of the 1000-km-wide eastern continental slope and the Moroccan shelf are merged. When including the RAPID-MOCHA data, we generally use temperature and salinity as a constraint, with one exception, where we use the meridional (geostrophic) midocean transport estimate by Cunningham et al. (2007) : that is, the transport derived from the merged density profiles of RAPID-MOCHA.
Optimizations
To investigate the impact of the Florida Current cable observations and the RAPID-MOCHA data, we initially incorporate them separately into 1-yr experiments. Subsequently, we investigate the combined incorporation of the two datasets into 1-yr experiments.
a. Florida Current
The observed Florida Current transport between the end of March 2004 and the end of March 2005 has a time-mean value of 31.7 Sv (Fig. 1) . The reference experiment shows a smaller time-mean value of 27.3 Sv. Over this 1-yr period, the variability in the observed FC of 3.3 Sv standard deviations is larger than the standard deviation of 2.4 Sv in the reference experiment; however, the high-frequency variability in the FC is reproduced quite realistically in the reference experiment. This agreement between observations and reference experiments originates mostly from the incorporation of wind stress observations. Note that for the same period the full ECCO-GODAE estimate has a time-mean value of 26.5 Sv with a standard deviation of 2.9 Sv (Baehr et al. 2007 ). As in the 1-yr reference solution, the full ECCO-GODAE estimate also reproduces the high-frequency variability (i.e., the Ekman transport across 268N, quite realistically; Baehr et al. 2007) ; however, in the full ECCO-GODAE estimate, this is mostly mirrored in a realistic reproduction of the high-frequency MOC variability (Baehr et al. 2007) .
To test the influence of the incorporation of the transport integrated over the Straits of Florida across 268N on the solution, we initially upweight the FC transport artificially. First, in the ''daily FC'' experiment, we use daily-mean values of the observed FC transport with an observation error of 2 Sv (C. S. Meinen et al. 2008, personal communication) upweighted by a factor 100, increasing the contribution of the FC misfit to the total cost function from 1% to 10%. This daily FC experiment results in a larger time-mean value after five iterations (27.3-30.9 Sv; Fig. 1 ). In this upweighted daily FC experiment, the optimization works on the time-mean value, while the short-term variability is barely affected (2.4-2.7 Sv). To reduce the high-frequency variability to which the optimization is not sensitive, we average the data to monthly means (''monthly FC'') but preserve a daily time series. In turn, we reduce the observation error to 0.5 Sv (C. S. Meinen et al. 2008, personal communication) , resulting in a contribution of the FC misfit of approximately 5% to the total cost function. With no additional upweighting, the time-mean value is larger compared to the reference experiment to 29.1 Sv with a standard deviation of 2.5 Sv after five iterations (Fig. 1) .
The larger FC transport at 268N translates into a larger northward transport in the top 1000 m (i.e., the depth of the Florida Straits in the model) for latitudes between just south of 268N and approximately 358N (Fig. 2) . This intensified northward transport is largely confined to the western boundary (Fig. 3) . The vertical structure of this larger transport is similar for the upweighted daily values and the monthly-mean values, although different in magnitude (Fig. 2) . The larger northward transport is all recirculated southward in the western part of the basin to approximately 358N (Fig. 3) , and a corresponding cyclonic recirculation anomaly develops north of this cell. As for the vertical structure, the zonal structure of this larger transport is similar for the daily FC experiment and the monthly FC experiment, although different in magnitude (Fig. 3) .
To understand whether the larger time-mean FC transport in the monthly FC experiment originates from the differences in the forcing or the initial conditions, we perform two sensitivity experiments: in a single forward run, we force (i) the reference experiment with the adjusted wind stress from the FC monthly experiment and (ii) the FC monthly experiment with the adjusted wind stress from the reference experiment. Using (i), the adjusted wind stress from the FC monthly experiment results in a similar time mean and variability as the reference experiment (Fig. 1) . Using (ii), the wind stress from the reference experiment results in a similar FC variability and time-mean strength as the FC monthly experiment (Fig. 1) . Therefore, the main impact on the solution comes from adjustments to the initial conditions. Note that this is likely to change for state estimates performed over longer periods of times.
In our test, the optimization appears not sensitive to the intensification of the FC transport in summer, although it is clearly impossible to infer a robust adjustment to the seasonal cycle from these 1-yr experiments (Fig. 1) . Anderson and Corry (1985) suggest that the meridional component of the wind stress is responsible for the summer intensification, while the zonal component of the wind stress is primarily responsible for the mean flow, assuming that the baroclinic response times at midlatitudes is on the order of one decade (Veronis and Stommel 1956) . Similarly to Anderson and Corry (1985) , the adjoint sensitivities indicate that the variations in the FC are largely sensitive to the wind stress in the western basin north of 268N; however, on the analyzed time scale of 1 yr, the response is largely windgenerated baroclinic activity over topography. A summer maximum of the wind-generated baroclinic activity over topography, combined with a summer maximum of the fraction dependent on the curl of the wind stress, leads to the summer intensification of the FC transport (Anderson and Corry 1985) . Although there is no improvement of representation of the summer intensification in the 1-yr experiments, it remains to be seen whether the weak seasonal cycle in the estimated FC transport can be improved through integration over longer periods of time in the full ECCO-GODAE solution.
To investigate the joint impact of the FC transport and the RAPID-MOCHA observations, we constrain the model to monthly-mean values instead of daily means, reducing the observation error to 0.5 Sv. Prior to that, we investigate the incorporation of the RAPID-MOCHA observations independent of the FC observations.
b. Moorings
One of the quantities that the deployed RAPID-MOCHA moorings readily deliver is the basinwide zonal density gradient. Before incorporating the RAPID-MOCHA data, we briefly compare the observed zonal density gradient to the reference experiment. Overall, the sign over the full water column is the same for both RAPID-MOCHA and the reference experiment (Fig. 4) . The local minimum of the zonal density gradient near 1200 m is present in both RAPID-MOCHA and the reference experiment, although approximately 0.04 kg m 23 weaker in the reference experiment than in RAPID-MOCHA. The temporal variability in the zonal density gradient is dominated by high-frequency fluctuations in RAPID-MOCHA, while in the reference experiment the seasonal time scale dominates above 1000 m (Fig. 4) . Note that for the full ECCO-GODAE, the sign of the time-mean zonal density gradient is generally the same as in the RAPID-MOCHA above 2000 m but different below 2000 m (Baehr et al. 2007 ). The absolute difference between RAPID-MOCHA and the full ECCO-GODAE in the time-mean zonal density gradient is largest near 1200 m (approximately 0.1 kg m 23 ).
1) EXPERIMENTS
To investigate how the incorporation of the temperature and salinity observations of the RAPID-MOCHA affects the 1-yr experiments, we conduct some experiments in which the RAPID-MOCHA data are considerably upweighted. An experiment where the RAPID-MOCHA data are not upweighted is described when combining both the FC and RAPID-MOCHA data.
In the first experiment (''daily RAPID''), we use daily observations of one merged profile of temperature and salinity at both the eastern and western boundaries. For this experiment, we upweight the RAPID-MOCHA data relative to every other observation by a factor of 100 (corresponding to 5% contribution to the total cost function). Here, we aim to upweight as strongly as possible, but larger factors result in unstable solutions. The data are weighted using the uncertainties derived by Forget and Wunsch (2007) , which are based on a variety of in situ data, but excluding moorings. The variability of the daily RAPID-MOCHA time series is at several depths larger than the variances given by Forget and Wunsch (2007) ; however, Forget and Wunsch (2007) suggest that the high-frequency variability represents largely noise, while the low-frequency variability is most relevant for large-scale optimizations. We therefore average the daily RAPID-MOCHA time series to monthly data to reduce the amplitudes of the high-frequency variability. For the monthly-mean values, most of the observed variability is for both temperature and salinity at both the eastern and the western boundaries within the range of uncertainties given by Forget and Wunsch (2007) for the respective location.
In the second experiment (''monthly RAPID''), we reduce the temporal resolution to monthly means. To enhance the effect of the RAPID-MOCHA data in this experiment, we upweight the merged profiles of temperature and salinity at each of the eastern and western boundaries by a factor of 10.
Both experiments are run for six iterations. In the following, we describe the results of these two experiments and two additional experiments described later. We refer to them by their short name (as given in parentheses in this subsection) or commonly as RAPID experiments.
2) RESULTS
Relative to the reference experiment, the two experiments result in similar temperature and salinity adjustments with respect to the vertical structure (not shown). For temperature at both the eastern and western boundaries, the difference in the time-mean values between the two RAPID experiments and the observations is larger than the spread of the daily and monthly RAPID experiments at all depths. For salinity, the overall picture is less uniform, partly because the differences between the observations and the reference experiment are small from the start and partly because the different experiments result in slightly different solutions. Consequentially, the difference between the time-mean observed zonal density gradient and the daily and monthly RAPID experiments is larger than the spread shown by the two RAPID experiments (Fig. 5a) . From the zonal density gradient, we derive thermal wind transports with a reference level at 4800 m and a spatially constant correction balancing the FC and the Ekman transport to ensure zero net mass transport across the section, similar to other databased approaches and similar to RAPID-MOCHA Kanzow et al. 2007 ). Time-mean thermal wind transports (Fig. 5b) largely resemble the full meridional transports (Fig. 5c) , except for depths below the Mid-Atlantic Ridge across which thermal wind has not been calculated, and the Antarctic Bottom Water is not resolved by the thermal wind transport either.
Overall, it is mostly the range between 2000 and 3000 m where both the density at the eastern and western boundaries (and in turn the zonal density gradient) have been improved in the optimized state estimate compared with the reference state estimate (Fig. 5) . At other depths, either only the eastern boundary (generally above 1000 m) or only the western boundary (generally below 3000 m) shows improvement.
For the intermediate layer transport, the meridional transport derived from the RAPID-MOCHA is generally northward, while transports in the 1-yr experiments vary around zero (Fig. 5) . Note that the full ECCO-GODAE transport in this layer is always southward. As the analysis of temperature and salinity suggests, neither the daily nor the monthly RAPID experiments result in a considerable adjustment of the zonal density gradient at intermediate depths (Fig. 5d) . Note that at these intermediate depths the adjustments in the thermal wind transport in the RAPID experiments relative to the thermal wind transport in the reference experiment (Fig. 5e) are largely due to an adjustment of the transport at the reference level, with little influence on the total meridional transport (Fig. 5f ).
For the upper North Atlantic Deep Water (NADW) transport, both the daily and the monthly RAPID experiments exhibit an adjustment in the mean strength of the meridional transport (Fig. 5f) , which sums to approximately 1 Sv when integrating over this upper NADW layer. In terms of the hydrographic characteristics, at the western boundary this represents a cooling of up to 0.18C at 1000 m and a warming of 0.058C between 1500 and 3000 m (not shown). At the eastern boundary, it represents only small adjustments in temperature at 1000 m but a warming of up to 0.058C between 1500 and 2000 m in both RAPID experiments. Changes in salinity at the eastern boundary are small and not uniform across the two RAPID experiments, although predominantly a freshening occurs with respect to the reference experiment above 2000 m, while water becomes more saline below (not shown). In turn, for the zonal density gradient this salinity change results in a slightly stronger negative density gradient between 1000 and 1600 m and a slightly stronger positive density gradient between 1600 and 2500 m with respect to the reference experiment (Fig. 5d) . The gradient difference, in turn, results in larger thermal wind transports between 1000 and 2500 m in the two RAPID experiments compared to the reference experiment (Figs. 5e,f) .
Integrated over the four depth layers indicated in Fig. 5 , the magnitude of the temporal variability of the 14-day running mean smoothed meridional transport is at most depths comparable to the magnitude of variability shown by the transport derived from the RAPID-MOCHA (not shown). However, apart from the upper thermocline, correlations between the transports derived from the RAPID experiments and the transports derived from the RAPID-MOCHA are small and generally not significant.
Changes in the daily and monthly RAPID experiments with respect to the reference experiment are very similar throughout the Atlantic basin considering both the MOC (Figs. 6a,b) and the vertically integrated transport (not shown). Changes in the time-mean MOC are up to 2 Sv, occur mostly at lower depths (below 2000 m), and are confined to the direct vicinity mostly south of 268N (658; Figs. 6a, b) . Smaller adjustments (up to 1 Sv) spread well into the North Atlantic, weakening the comparatively deep MOC cell (both apparent in the one-year setup as well as in ECCO-GODAE). Changes in the vertically integrated meridional transport indicate an increase in the western boundary transport east of the Bahamas at 268N and a recirculation at adjacent northern latitudes. To test whether these patterns are dynamically robust, we perform two additional experiments: (i) in a ''boundaries'' experiment, we use the monthly-mean observations, but instead of using a single merged temperature and salinity profile on each the eastern and western boundaries, we put the profile at multiple adjacent locations to fill the entire eastern and western boundaries, respectively. For this experiment, the RAPID-MOCHA observations are upweighted by a factor of 100. (ii) In a ''transport-above-MAR'' experiment, we constrain the basinwide integrated transport above the crest of the MAR (i.e., above 3000 m), to the transport derived from the RAPID-MOCHA by Cunningham et al. (2007) . We use monthly-mean values with an observation error of 1 Sv and additionally upweight this transport by a factor of 10 4 (resulting in more than 70% contribution of the transport term to the total cost function). With the boundaries experiment, we expect to understand whether the merged profiles at the eastern and western boundary profiles are representative for the entire boundary (i.e., representing the full zonal density gradient). With the transport-above-MAR experiment, we test whether the assumptions made to derive the transport estimate for the RAPID-MOCHA and the model dynamics used to derive the transport estimate in our model setup are compatible.
Both the boundaries experiment and the transportabove-MAR experiment result in a similar adjustment in the Atlantic MOC (Figs. 6c,d ) as the monthly RAPID experiment. Also, the vertically and zonally integrated flow indicates the same patterns for the entire Atlantic in the boundaries experiment, the transport-above-MAR experiment, and the monthly RAPID experiment (not shown). This similarity in the four RAPID experiments indicates a dynamically robust influence of the RAPID-MOCHA moorings on the 1-yr experiments. It also suggests that the dynamical assumptions used by Cunningham et al. (2007) to calculate the midocean transport (i.e., thermal wind and a spatially uniform mass balance correction) yield similar results as the assumptions used in the model.
Note that the RAPID experiments were set up differently both with respect to the quantity constrained to and the relative weight/upweighting given to the RAPID-MOCHA data and the transport derived from them, respectively. Apart from the transport-above-MAR experiment, the RAPID experiments use the same set of uncertainties in the vertical (following Forget and Wunsch 2007) . Using smaller uncertainties results in strong adjoint sensitivities to a fraction of the RAPID-MOCHA data and in turn limited representativeness of the solution. In the following, we therefore use no upweighting and the uncertainties derived by Forget and Wunsch (2007) in conjunction with monthly averaged merged profiles at the eastern and western boundaries, because the daily resolution of the RAPID-MOCHA data is too high to be fully represented by the model.
c. Combined experiment
We use the monthly-mean FC observations (with an observation error of 0.5 Sv) and the monthly-mean RAPID-MOCHA observations of temperature and salinity and the eastern and western boundaries of 268N [using Forget and Wunsch (2007) uncertainties and no upweighting] to investigate the joint impact of both datasets (''combined'' experiment). We integrate this experiment for 15 iterations and compare it to the same number of iterations as the reference experiment. At this point, the reduction in the cost functions for both the FC and RAPID-MOCHA data is less than 2% for two subsequent iterations.
At 268N, the adjustments in the combined experiment are largely an overlay of both the monthly FC experiment and the monthly RAPID experiment. An increase in the FC transport seen in both experiments (2.6 Sv in the monthly FC experiment and 0.6 Sv in the monthly RAPID experiment) is mirrored in a larger FC transport by 3.8 Sv in the combined experiment (Fig. 7a) . With a standard deviation of 2.5 Sv in the combined experiment, the variability is unadjusted with respect to the reference experiment. These adjustments in the FC transport are not entirely mirrored in the MOC at 268N. With 16.0 Sv, the time mean of the maximum of the MOC at 268N is slightly smaller for the combined experiment than for the experiment constrained to the monthly FC observations (16.3 Sv) but larger compared to the reference experiment (15.1 Sv) and the monthly RAPID experiment (15.0 Sv; Fig. 7b) . Overall, the highfrequency MOC variability at 268N is mostly wind driven (cf. Baehr et al. 2007) , and the high-frequency variability is reproduced quite realistically already prior to the assimilation of the FC and RAPID-MOCHA. Basinwide transports (outside the FC and below the Ekman layer), however show little correlation between the observations and the assimilated experiments.
At 268N, adjustments in the MOC are small compared to the adjustments in both the northward and southward transports; partly, these transport adjustments compensate for each other, but the increase in the FC transport is also balanced by a local recirculation. Changes in the variability of the MOC are also small at 268N. The standard deviation of the maximum MOC time series at 268N is 4.3 6 0.1 Sv for all four experiments. While the strongest effect of the FC data is seen in the northward transport, the effect of the RAPID mooring data is seen in the time-mean midocean geostrophic transport (Fig. 7c) . In the intermediate water, the differences to the RAPID-MOCHA midocean transport derived by Cunningham et al. (2007) are larger, mostly similar-albeit a bit weaker-to the adjustments seen in the monthly FC experiment. In the upper NADW, the differences to the RAPID-MOCHA midocean transport are smaller, mostly similar to the adjustments seen in the monthly RAPID experiment.
Changes in the time-mean Atlantic MOC and the North Atlantic heat transport with respect to the reference experiment are more prominent away from 268N (Figs. 7d,e) . North of 268N, both the time-mean MOC and the meridional heat transport are larger from 268N to near 408N with respect to the reference experiment, largely similar to the adjustments seen in the monthly FC experiment. The time-mean MOC is larger by approximately 1 Sv, and the time-mean meridional heat transport is larger by 0.05 PW with respect to the reference experiment. South of 268N, the deep limb of the MOC is larger by approximately 0.8 Sv at 3000 m, largely similar to the adjustments seen in the monthly RAPID experiment. Note that these adjustments spread from 268N well into the South Atlantic (Fig. 7d) but no longer north of 268N as in the RAPID experiments. Adjustments in the heat transport, however, are dominated by the adjustments resulting from the incorporation of the FC data, because the RAPID-MOCHA data largely result in a restructuring of the deep flow, with an overall (weak, order 0.1 Sv) reduction in the MOC and little impact on the MHT in the combined experiment.
Discussion and conclusions
Here, we test strategies of incorporating both FC transport observations and RAPID-MOCHA temperature and salinity observations for March 2004 -March 2005 into an experimental 1-yr setup of the ECCO-GODAE setup. The optimized solution is compared to a reference experiment, an identical setup with the exception of the RAPID-MOCHA and FC data. For the FC data, we find that the optimization is sensitive to the time mean, whereas the variability remains largely unadjusted compared with the reference experiment. For the mooring data, we find the incorporation of monthly-mean data to be robust when including the mooring data as single profiles at the boundaries, when including them as repeated profiles covering the entire boundary and also when constraining to the transport derived from thermal wind using the moored time series of temperature and salinity. Using both the FC and RAPID-MOCHA data as an observational constraint results in a larger MOC and heat transport between 268 and 408N, with a maximum near 308N in the 1-yr experiments. The results of the present study suggest that the integrated transport across the Florida Straits should be incorporated on a monthly (rather than daily) basis and that the RAPID mooring data should also be incorporated on a monthly (rather than daily) basis and weighted with the uncertainties of Forget and Wunsch (2007) derived from in situ data.
The similarity in the four RAPID experiments indicates a dynamically robust-albeit upweighted-influence of the RAPID-MOCHA moorings on the 1-yr experiments. In the combined experiment, where the RAPID data are not upweighted, this influence seems to be mirrored in a larger southward transport in the upper NADW. Some of this southward transport and also some of the larger northward transport resulting from the FC data appear to recirculate locally, suggesting that the model is adjusting locally rather than on a large scale. Note that, with a higher number of iterations for the combined experiment (15 compared to approximately 5 for the separate tests), this effect is somewhat reduced, especially for the influence of the RAPID-MOCHA moorings.
The incorporation of the FC and RAPID-MOCHA data is subject to limitations. Despite strong constraints, some discrepancies between the observed and modeled hydrographic characteristics remain with respect to both time-mean values and variability. For example, the optimization appears insensitive to some of the largest discrepancies between the RAPID-MOCHA data and the reference experiment (e.g., the 0.58C time-mean temperature discrepancy at 1000 m at the western boundary). Also, the temporal variability of the basinwide transports (i.e., without the FC and below the Ekman layer) is largely unaffected by the assimilation of the RAPID-MOCHA data. The most prominent inherent limitation is the spatial resolution, which results in a limited representation of the spatiotemporal variability in the model. The RAPID-MOCHA measurements represent local time series with a high temporal and vertical resolution with a considerable contribution of eddy noise (Wunsch 2008) . It is therefore not straightforward to assume that these local measurements are representative for grid boxes of 100 km 3 100 km. For the limited horizontal resolution, we find that the monthly averaged data are within the hydrographic uncertainties estimated by Forget and Wunsch (2007) . The incorporation of the monthly data results in dynamically stable results for a local or boundary constraint of temperature and salinity profiles or a basinwide integrated transport constraint; however, it would be clearly desirable to test the robustness of these results in an eddy-resolving state estimate when it becomes available, ultimately also allowing to assimilate unsmoothed (daily) data. For the limited vertical resolution, some of the remaining differences between the RAPID mooring data and the 1-yr experiments in the vertical structure can be attributed to the limited vertical resolution (e.g., 0.5 Sv in the time mean for the midocean geostrophic transport).
The incorporation of both the FC and the RAPID-MOCHA data result in adjustments of the meridional transport away from 268N, suggesting that both adjustments in the FC transport at 268N and adjustments in the zonal density at 268N are intimately linked to adjustments in the MOC in the North Atlantic. Seasonal and interannual FC variability, however, does not reflect open ocean variability in the subtropical Atlantic (Schott and Zantopp 1985) ; time scales of a year and longer need to be considered to link open ocean and the FC variability. Whether the temporal variability of the FC on these time scales can be improved through the assimilation over longer periods remains therefore to be seen. Note that longer assimilation periods will also change the importance of the adjustments to the initial conditions (compared with the forcing). The sensitivity of the North Atlantic MOC to changes in the zonal density gradient in the subtropical Atlantic is in good agreement with the results by Marotzke et al. (1999) . The continuous observation of zonal density gradients in the upper NADW layer has also been suggested to provide a timely detection of changes in the MOC at 268N on decadal time scales and longer (Baehr et al. 2007 ). The continuous observation of both the FC and the zonal density contrast across 268N is therefore an important step toward a comprehensive MOC monitoring system.
The adjustments we find in the 1-yr experiments with respect to the 1-yr reference experiment can neither in structure nor magnitude be expected to be found in perfect similarity in the full ECCO-GODAE solution.
As shown for the FC data, the adjustment of the initial conditions plays a crucial role in the 1-yr experiments; however, it is not only that the actual initial conditions are different in the ECCO-GODAE solution, it is also that their optimization has less influence on the full 15-yr ECCO-GODAE integration. At 268N, the hydrographic characteristics in the 1-yr experiments prior to the incorporation of both the FC and RAPID-MOCHA data are considerably closer to the RAPID-MOCHA observations than in ECCO-GODAE: for example, at intermediate waters at the western boundary where discrepancies between the RAPID-MOCHA and the ECCO-GODAE solution are largest (Baehr et al. 2009 ). While this means that it requires a larger adjustment in the ECCO-GODAE solution than in the 1-yr experiments to fit the RAPID-MOCHA data, the solution is also more sensitive to reduce a large misfit between model and observations than a small one. This also applies to misfits in the temporal variability (e.g., the high-frequency FC variability); however, the number of iterations needed to converge toward certain data is considerably larger in ECCO-GODAE, and adjustments in the solution resulting from the FC or RAPID-MOCHA data will evolve slowly over a considerable number of iterations. Note as well that the FC data are available for the full 15-yr time span, but the RAPID-MOCHA moorings are at present available for 1 yr only.
The incorporation of the FC and RAPID-MOCHA data for March 2004-March 2005 into an experimental 1-yr setup of ECCO-GODAE does not result in profound adjustments at 268N or even in the North Atlantic circulation, as expected. While structure and magnitude of the adjustments have yet to be confirmed when integrating over longer periods of time, in the given model and on the analyzed time scale of 1 yr, the results suggest the following:
d The incorporated transport measurements and transbasin mooring measurements result in regional circulation adjustments. These adjustments are in agreement with previously incorporated data but had not been achieved with them. Specifically, transport measurements and deep density gradients result in adjustments in the Gulf Stream transport and the NADW transport, respectively.
d The region of influence appears to be limited to 268N and adjacent latitudes (approximately 6108-158), suggesting the need for additional boundary current measurements and deep zonal density gradient measurements throughout the Atlantic and/or their respective incorporation to further constrain the circulation.
d Further strategies for incorporating transport and mooring observations into a dynamically consistent state estimate such as ECCO-GODAE have to be tested to improve the representation of the monthly to seasonal variability of these data. Such a further improved representation will be crucial to initialize seamless to decadal predictions of the North Atlantic circulation and its variability.
